Gas collisions and pressure quenching of the photoluminescence
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vapor deposition
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The guenching of the photoluminescence of Si nanopowder grown by plasma-enhanced chemical
vapor deposition due to pressure was measured for various gese®,, N,, He, Ne, Ar, and Ky

and at different temperatures. The characteristic pres$yeof the general dependen¢éP)

= |y exp(— P/Pp) is gas and temperature dependent. However, when the number of gas collisions is
taken as the variable instead of pressure, then the quenching is the same within a gagrfanuly

or diatomig and it is temperature independent. So it is concluded that the effect depends on the
number of gas collisions irrespective of the nature of the gas or its temperaturE99®American
Institute of Physicg.S0021-897@07)01207-3

. INTRODUCTION loy=14eP'Po, 2

The luminescence of porous silicon was, at the time ofwith P, of several pascals. However, in contrast to porous
its discovery! an unexpected phenomenon for an indirect-silicon, this effect has been observed in the presence of inert
gap semiconductor, which Si is. It was the beginning of agas species and, @ depends on the gas, it cannot be a
number of studies devoted to improving its radiative effi-hydrostatic effect. Several studies have attempted to describe
ciency to make it useful for optoelectronics. In addition, sev-this effect in Si nanopowder within the framework of the
eral theories attempted to explain its microscopic origin bymultistep-multiphoton excitation proce¥s'>However, very
invoking a quantum-confinement efféct or the special little has been reported about the nature of the interaction
structure of the surfact® But now, other nanostructured ma- between the gas and the material. In this article it is estab-
terials based on silicon, with similar luminescent lished that the effect depends on the number of gas collisions
propertie§’ have been obtained, which broadens the fieldrrespective of the nature or temperature of the gas.
considerably. Among them, Si nanopowder obtained by
plasma-enhanced chemical vapor depositi®tECVD)®°

. . . . Il. EXPERIMENT
constitutes a special case. Its photoluminescéRte is ex-
cited via a multiphoton-multistep proce¥swhich explains The PL measurements were performed with the sample
its supralinear dependence on the excitation pover, inside a closed-circuit He cryostat in which the temperature

1) can be controlled from 14 to 300 K. The luminescence was
excited with the 488 nm line of an argon laser at about 10
with r as high as 7. mW/mn?, analyzed with a 0.6 m monochromator, and de-
A collateral property of porous silicon luminescence istected with a GaAs photomultiplier. The PL emission was
its dependence on the surrounding gas pressure. This effectapalyzed at a fixed wavelength.8 um). The gas was intro-
strongly dependent on the gas specfeBolar molecules ad- duced into the cryostat through a microleak and its pressure
sorbed on the surface efficiently quench the emission followwas measured with an absolute capacitive manometer.
ing an exponential law, whereas nonpolar gases have only a |t was difficult to measure the pressure and the tempera-
minor effect. Partial pressures of methanol of about 10Qure of the gas around the sample at low temperatures be-
mbar have a pronounced effect on the PL and on the electrtause the temperature gradients together with the low pres-
cal conductivity of porous silicon, which could be the basissure (~10 Pa create nonequilibrium conditions. To
for its use in a chemical sensbrHigh hydrostatic pressures overcome this difficulty the sample was placed in a box, the
(GPa have been applied in several studies to test theoriegalls of which were held at the cold finger temperat(Fy.
about the microscopic origin of the luminescentdn the  1). The front of the box was transparent in order to allow PL
case of Si nanopowder the quenching of PL due to gas presneasurements. Small holes allowed the gas to flow through
sure is so great that it cannot be measured at atmosphetige walls. It was then assumed that the gas around the sample
pressure. Its dependence is exponeritial, was at the same temperature as the cold finger, which was
measured with a Si diode. It was further assumed that the
aElectronic mail: pererg@ei.udg.es pressure of the gas around the sample was the same as the
PElectronic mail: ebertran@electra.fae.ub.es pressure at the manometer providing two conditions were
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FIG. 1. A schematic view of the cryostat. The chamber around the sample
ensures that the gas inside it is at equilibrium conditions. Its temperature is

that of t'he cold finger. The manometer is placed on top to minimize theFIG. 2. Quenching of the PL intensity with different gases at room tempera-
convective currents. ture

A. The pressure effect in terms of several microscopic

satisfied:(1) there is no convection an() the mean free "
eg_as variables

path of the molecules is much smaller than the distance b
tween the sample and the manometer. The convective cur- The characteristic pressur®,, is gas dependent and
rents were minimized by placing the manome®00 K) on  varies with temperatur@-ig. 3). This means that the effect of
top of the cryostat. On the other hand, at typical conditionghe gas on the luminescence is not hydrostatic. Moreover, the
(3 Pa and 200 K the mean free path is small enod@f~2  simple relationshigiexponential between PL intensity and
mm) to satisfy condition(2). pressure indicates that the relevant gas variable is closely
The nominal temperature of the measurements reportectlated to the pressure. From the kinetic theory of gases we
in this work are assumed to correspond to the temperature d&how that, for a given gas and temperature, several micro-
the gas surrounding the sample. Due to the very low thermadcopic quantities are proportional to the macroscopic pres-
conductivity of the material, laser excitation can induce greasure: the density of gas molecules, the number of collisions
local heating on the sample which, at present, we have natgainst the walls, and the energy transmitted by these colli-
guantified. This may be the origin of the transverse opticakions. If the effect of the gas were linked to one of these
(TO)-peak shift to lower energies in the Raman spectra of Si
nanopowdeY rather than the residual strain as suggested by
other authorg?®

Ill. RESULTS AND DISCUSSION

The pressure dependence of the PL was measured with a
series of gasesH,, N,, O,, He, Ne, Ar, and Ky and at
different temperatures. The dependence of the photolumines-
cence on gas pressure was found to be exponential for all the
gases assaye(Fig. 2). Moreover, quenching was faster for
lighter gases. This means that the characteristic pressure in
Eq. (2), Py, increases with the molecular mass. Although the
guenching at different points on the same sample varied by
up to 300% for a given gas, the relative values within the
series of gases did not vary by more than 30%. Conse-
qguently, the measurements reported in Fig. 2 have to be
taken as typical results.

PL Intensity

P, for He increased with temperatu€ig. 3). A similar Pressure (Pa)
evolution was observed for all the gases tested. The depen-
dence ofP, on gas and temperature is analyzed below. FIG. 3. Quenching of the PL intensity at different temperatures.
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FIG. 5. The evolution ofP, with the molecular mass of the gas. The pro-
FIG. 4. The evolution ofP, with the temperature of the surrounding gas. portionality to the square root of mass indicates that the quenching is pro-
The proportionality to the square root of temperature indicates that theportional to the number of gas collisions independent of their momentum.
quenching is proportional to the number of gas collisions independent of
their energy.

of collisions. The high correlation of the experimental points
quantities, then the characteristic pressure would depend awith a proportional relationship indicates that this hypothesis
the molecular massy, and temperatureT, following the s valid. As temperature is a measure of the kinetic energy of
general relationship the gas molecules, it follows that the PL quenching is inde-
PooTim, 3) pendent of the energy of the molecules before the collision.
In Fig. 5 a log—log plot summarizes the dependency of
where the eXponent-p and| would reveal the minOSCOpiC PO on the molecular mass reported in F|g 2. The mono-
quantity involved. atomic and diatomic gases show a reasonable correlation
Let us suppose that the quenching of the luminescencgith m'2. The small discrepancies can be ascribed to un-
depends on the number of collisions per unit time and uniknown refinements not considered in the hypothesis of col-
area,N, irrespective of the gas, the momentum, and the enfisjons. Within each class of gasésmono- or diatomit the
ergy. Under this hypothesis, we can write energy before the collision is the sarf80 K). The collision
~N/Ng. (4) parameter that is gas dependent is its linear momentum. Fig-
ure 5 shows that the PL quenching is independent of the
where the constam, is independent of the gas and tempera-momentum before the collision. On the other hand, the

|p|_:|Oe

ture. For an ideal ga$, smaller values oP, for the diatomic gases indicate that their
P=N\2m/kTm (5) collisions are more efficient. For an equivalent molecular

) o _ mass, the characteristic pressure of a monoatomic gas is,
wherek is Boltzman's constant. Substituting E§) into Eq.  yoyghly, 5/3 that of the diatomic. On the other hand, from the
(2) and comparing it with Eq(4) we can see that equipartition principle, at any temperature, the energy of the

Pooc TY?2m12, 6)  diatomic gases is 5/3 that of the monoatomic. Apparently
o ) their different behavior is attributable to the energy per mol-
Therefore, for the case of collisiong,andl in Eq. (3) are  oc1e. However, as deduced from Fig. 4, there is no depen-
equal to 1/2. The exponents for the other microscopic quagence on the energy before the collision. So, we conclude
tities can be obtained similarly. For the density of gas mol4 4+ the efficiency depends on the energy the gas molecules
eculesj=1 andl =0, whereas for the energy that the colli- receive from the sampléfter the collision.
sions can deliverj=—1/2 and |=1/2. So, from the In conclusion, the formula that best describes the PL
depen_dence oPg on T and m the relevant microscopic quenching is not Eq(2) but, rather, Eq.(4), because the
quantity can be elucidated. “characteristic number of collisions, Ny, turns out to be a
parameter characteristic of the material, independent of the
B. Comparison with experiment gas and the temperature. In the usual experimental conditions
(laser intensity of about 5—10 mW/nfirN, can change by a

In Fig. 4 we have summarized the dependenc@ft factor of 3 from sample to sample, and we can write

different temperatures for He by plotting, vs T*2 This
axis was chosen to test the hypothesis involving the number Ny~¢ 1x10?%® m2s1, (7)
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